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The b→sl1l2 process is studied in the minimal supergravity model in detail. Taking into account the
long-distance contributions from thecc̄ resonances, we calculate the branching ratio and the lepton forward-
backward asymmetry in this model. We find that there is a strong correlation between the branching ratios of
b→sg andb→sl1l2 processes and that the interference effect can change theb→sl1l2 branching ratio in
the off-resonance regions by up to615% depending on the relative phase between the long- and short-distance
contributions. Using various phenomenological constraints including the branching ratio ofb→sg, we show
that there are regions in the parameter space where the branching ratio ofb→sl1l2 is enhanced by about 50%
compared to the standard model~SM!. We also show that the branching ratio ofb→snn̄ is reduced at most by
10% from the SM prediction.@S0556-2821~97!04707-3#

PACS number~s!: 13.20.He, 12.60.Jv, 14.65.Fy

I. INTRODUCTION

Although the standard model~SM! of the elementary par-
ticle physics is successful in explaining almost all experi-
mental results, it is possible that physics beyond the SM
exists just above the presently available energy scale. Since
new physics may affect various processes at low energy such
as the flavor-changing neutral current~FCNC! processes of
K mesons andB mesons, new physics searches in these pro-
cesses are as important as direct particle searches at collider
experiments. A prime example is theb→sg process. Experi-
mentally the inclusive branching ratio is determined as
B(b→sg)5~2.3260.5760.35!31024 at the CLEO experi-
ment@1#. It is known that this process puts very strong con-
straints on various new physics beyond the SM, for example,
two-Higgs-doublet model and supersymmetric~SUSY! ex-
tension of the SM. Along with theb→sg process, another
important rareb decay process is theb→sl l̄ decay. Al-
though only upper bounds on branching ratios are given by
experiments for various exclusive modes@2#, this process is
expected to be observed in the near future atB factories as
well as at hadron machines.

In this paper we investigate theb→sl l̄ decay in the mini-
mal supersymmetric standard model~MSSM!, especially in
the minimal supergravity~SUGRA! model. The MSSM is
now considered to be the most promising candidate beyond
the SM. In the MSSM, SUSY partners such as squarks, slep-
tons, Higgsinos, and gauginos can contribute to FCNC pro-
cesses through loop diagrams. In order to evaluate their con-
tributions quantitatively it is necessary to specify how soft
SUSY-breaking terms are generated. In particular, the soft
SUSY-breaking terms in the squark sector become new
sources of flavor mixing, and theK0-K̄0 mixing becomes too
large if the squark mixing is of order 1 and masses of SUSY
partners are in the below-TeV region@3#. In the minimal
SUGRA model it is assumed that the soft SUSY-breaking
terms are universal at the Planck or grand-unified theory
~GUT! scale. Flavor mixing at the electroweak scale can be

determined by solving the relevant renormalization-group
equations~RGE’s! from the Planck to the low-energy scale.
It is shown that the constraint from theK0-K̄0 mixing is
easily satisfied in this framework since masses of the first
two-generation squarks with the same quantum numbers re-
main highly degenerate at the low energy@3#. The FCNC
processes involving the third-generation quarks and squarks
can receive sizable SUSY contributions due to the large top
Yukawa coupling constant. In particular theb→sg process
has been intensively studied both in low-energy SUSY stan-
dard models and in the minimal SUGRA model@4–6#. It was
observed that the SUSY loop effects can interfere with the
SM amplitude constructively or destructively depending on
the parameters on the model whereas the charged Higgs con-
tribution is always constructive. For the minimal SUGRA
model theB0-B̄0 mixing andCP-violating parameter in the
K0-K̄0 mixing, eK , has also been investigated in@7#. In this
paper we consider theb→sl l̄ process in addition to the
b→sg process to see possible implication on the model by
future experiments. We observe that the predicted branching
ratio of theb→sg process and that of theb→sl1l2 process
are strongly correlated and thus their measurements are use-
ful to distinguish the SUGRA model from other extensions
of the SM.

The b→sl1l2 process in the SUGRA model was ana-
lyzed by Bertolini et al. in @4#. Recently this process was
reconsidered taking account of the measured branching ratio
of b→sg and the top-quark mass in the context of the low-
energy SUSY models as well as the minimal SUGRA model
@8,9#. In @8# it was noted that theb→sl1l2 process is able to
resolve twofold ambiguity which cannot be distinguished
from the branching ratio ofb→sg. In @9# a more detailed
analysis has been done in the minimal SUGRA model. Com-
pared to them, our calculation is improved in several points
such as~1! numerically solving RGE’s with whole Yukawa
matrices and soft SUSY-breaking parameters with the flavor
mixing, ~2! taking account of one-loop corrections in the
Higgs effective potential@10# in order to determine the
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proper vacuum expectation value through the radiative elec-
troweak symmetry-breaking scenario@11#, and~3! including
the interference effect with the long-distance contribution in
calculating the lepton invariant mass spectrum of the
b→sl1l2 branching ratio. It turns out that the third effect
can change the branching ratio in the off-resonance region by
;615% depending on the relative phase between the long-
and short-distance contributions. Taking account of various
phenomenological constraints including the branching ratio
of b→sg, we show that there are regions in the parameter
space where the branching ratio ofb→sl1l2 is enhanced by
about 50% compared to the SM. We also calculate the
branching ratio of theb→snn̄ process in the minimal
SUGRA model and show that the branching ratio is reduced
at most by 10% from the SM value.

This paper is organized as follows. In Sec. II, we intro-
duce the minimal SUGRA model and explain new sources of
flavor changing in this model. In Sec. III, formulas for
b→sl1l2 decay are given including SUSY contributions. In
Sec. IV, we present numerical results of our analysis. In Sec.
V, b→snn̄ decay is discussed. Section VI gives conclusions
and discussions. Various formulas are summarized in the
Appendices.

II. MINIMAL SUGRA MODEL

The MSSM Lagrangian is specified by the superpotential
and the soft SUSY-breaking terms. The superpotential of the
MSSM is given by

WF5eab@ f Ui jQi
aH2

bUj1 f Di jH1
aQi

bDj

1 f Ei jH1
aLi

bEj2mH1
aH2

b#, ~2.1!

where the chiral superfieldsQ, U, D, L, E, H1 , andH2
transform under SU(3)C3SU~2!L3U~1!Y as the representa-
tions

Qi
a5S 3,2, 16D , Ui5S 3̄,1,2 2

3D , Di5S 3̄,1, 13D ,

Li
a5S 1,2,2 1

2D , Ei5~1,1,1!, ~2.2!

H1
a5S 1,2,2 1

2D , H2
a5S 1,2, 12D .

The suffixesa,b51,2 are SU~2! indices andi , j51,2,3 are
generation indices.eab is the antisymmetric tensor with
e1251. A general form of the soft SUSY-breaking terms is
given by

2Lsoft5~mQ
2 ! i j q̃ Li

† q̃L j1~mU
2 ! i j ũRi* ũR1~mD

2 ! i j d̃Ri* d̃R j1~mL
2! i j l̃ Li

† l̃ L j1~mE
2 ! i j ẽRi* ẽR1D1

2h1
†h11D2

2h2
†h2

1eab~Bmh1
ah2

b1H.c.!1eab~AUi j q̃Li
a h2

bũR* 1ADi j h1
aq̃Li

b d̃R j* 1AEi jh1
a l̃ Li

b ẽR* 1H.c.!

1S 12 mB̃B̃B̃1
1

2
mW̃W̃W̃1

1

2
mG̃G̃G̃1H.c.D , ~2.3!

where q̃Li , ũRi* , d̃Ri* , l̃ Li , ẽRi* , and h1 , and h2 are scalar
components of chiral superfieldsQi , Ui , Di , Li , Ei , H1 ,
andH2 respectively, andB̃, W̃, and G̃ are U~1!Y , SU~2!L ,
and SU~3!C gauge fermions.

In the minimal SUGRA model the soft SUSY-breaking
terms are assumed to take the following universal structures
at the GUT scale:

~mQ
2 ! i j5~mU

2 ! i j5~mD
2 ! i j5m0

2d i j ,

~mL
2! i j5~mE

2 ! i j5m0
2d i j ,

D1
25D2

25m0
2,

AUı j5 f Ui j AX , ADi j5 f Di j AX , AEi j5 f Ei jAX ,

mB̃5mW̃5mG̃5MgX . ~2.4!

With this initial condition, soft SUSY-breaking parameters at
the electroweak scale are calculated by solving the RGE’s of

the MSSM@12#. We first solve the one-loop RGE’s for the
gauge coupling constants takinga i(mZ) as the input and
determine the GUT scale,MGUT, where the gauge couplings
meet. The Yukawa coupling constants atMGUT are also cal-
culated by solving the RGE’s frommZ to MGUT. The values
of the Yukawa coupling constants at the electroweak scale
are obtained by taking the quark-lepton masses, the Cabbibo-
Kobayashi-Maskawa~CKM! matrix elements, and the
tanb5^h 2

0&/^h 1
0& as input parameters. Then we solve the

RGE’s for all MSSM parameters downward with the GUT
scale boundary conditions~2.4! for each set of the universal
soft SUSY-breaking parameters (m0 ,AX ,MgX). We include
all generation mixings in the RGE’s for both Yukawa cou-
pling constants and the soft SUSY-breaking parameters.
Next, we evaluate the Higgs potential at the electroweak
scale and require that the minimum of the potential gives a
correct vacuum expectation values of the neutral Higgs fields
as^h 1

0&5v cosb and^h 2
0&5v sinb wherev5174 GeV. This

is known as the radiative electroweak symmetry-breaking
scenario@11#. The effective potential of neutral Higgs fields
at the electroweak scale is given by
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V~h1
0,h2

0!5~m21D1
2!uh1

0u21~m21D2
2!uh2

0u2

1~Bmh1
0h2

01H.c.!1
g21g82

8
~ uh1

0u22uh2
0u2!2

1Vloop, ~2.5!

whereVloop is the one-loop correction induced by the third-
generation fermions and sfermions@10#. The requirement of
the radiative electroweak symmetry-breaking determines the
magnitude of the SUSY Higgs mass parameterm and the soft
SUSY-breaking parameterB. The explicit forms ofVloop and
the condition of the radiative electroweak symmetry break-
ing used in the present analysis are given in Appendix A. At
this stage, all MSSM parameters at the electroweak scale are
determined as functions of the input parameters@tanb, m0 ,
AX , MgX , sgn~m!#.

With use of the low-energy SUSY parameters determined
by the procedure described above, we can calculate all the
SUSY particle masses and the mixing parameters. The 636
mass matrix of the up-type squark is written by

2L5~ ũL* ,ũR* !M ũ
2 S ũLũRD

5~ ũLi* ,ũRi* !S ~mLL
2 ! i j ~mLR

2 ! i j

~mRL
2 ! i j ~mRR

2 ! i j
D S ũL jũR j

D , ~2.6!

~mLL
2 ! i j5~MU

†MU! i j1~mQ
2 ! i j

1mZ
2cos~2b!S 122

2

3
sin2uWD d i j , ~2.7!

~mRR
2 ! i j5~MUMU

† ! i j1~mU
2 ! i j1mZ

2cos~2b!S 23 sin2uWD d i j ,

~2.8!

~mLR
2 ! i j5~mRL

2† ! i j52m cotb~MU
† ! i j1~AU* ! i jv sinb,

~2.9!

where MU is the up-type quark mass matrix, i.e.,MUi j
5 f U jiv sinb, andũL is the up-type component of the SU~2!
doublet q̃. In this weak eigenstate, the mass matrix is not
diagonal at the electroweak scale. The physical mass eigen-
state is given by diagonalizing the mass matrix:

ũI5~ŨU! I
JS ũLũRD J , ~2.10!

ŨU~M ũ
2 !ŨU

† 5diagonal, ~2.11!

where ũI is the mass eigenstate. The unitary matrixŨU in-
duces new flavor mixing in the up-type squark sector. In a
similar manner, we define the mixing matricesŨD , Ũ l for
the down-type squark and the slepton sectors.

III. b˜sl1l2 DECAY

In this section, we describe the calculation of the branch-
ing ratio and the lepton forward-backward asymmetry for the
b→sl1l2 ( l5e,m) process in the minimal SUGRA model.

We first introduce the effective Hamiltonian which is rel-
evant for theb→sl1l2 process@13#:

Heff5
4GF

&
(
i51

10

Ci~Q!Oi~Q!, ~3.1!

whereQ is the renormalization point. For the calculation of
the branching ratio, the following three operators are impor-
tant:

O75
e

16p2 mb~ s̄LasmnbRa!Fmn, ~3.2!

O95
e2

16p2 ~ s̄LagmbLa!~ l̄gml !, ~3.3!

O105
e2

16p2 ~ s̄LagmbLa!~ l̄gmg5l !. ~3.4!

The explicit forms of all the effective operatorsOi(Q) are
given in Appendix B. Throughout this paper we neglect the
strange quark mass.

The coefficientsC1(mW) –C10(mW) are determined by
matching the full theory with the effective theory at the
renormalization point Q5mW . The coefficients
C1(mW) –C6(mW) are given by

C2~mW!52l t , Ci~mW!50 ~ i51,3–6!, ~3.5!

wherel t5VtbVts* . Note that there is no SUSY contribution
to these values at the tree level. The coefficients
C7(mW) –C10(mW) are generated by one-loop diagrams. In
order to determine these coefficients at themW scale, we
need to calculate photon penguin,Z penguin, and box dia-
grams taking account of new contributions in addition to the
SM diagrams. There are four classes of new contributions in
the SUSY model: charged Higgs boson~H2), up-type quark

FIG. 1. Feynman diagrams in the SM.~a! b→sg, ~b! b→sg, ~c!
the penguin diagram forb→sl1l2, ~d! box diagram for
b→sl1l2. The SUSY contributions to these diagrams are obtained
by replacing the internal lines with SUSY particles.
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loop; chargino~x̃ 2! up-type squark loop; gluino (G̃), down-
type squark loop; and neutralino~x̃ 0) down-type squark
loop.C7(mW) is obtained by calculating the photon penguin
diagram Fig. 1~a!. C8(mW) is also obtained by calculating
the gluon penguin diagram Fig. 1~b!. There are three types of
diagrams which contribute toC9(mW): the photon penguin
diagram, Fig. 1~c!; theZ penguin diagram, Fig. 1~c!; and the
box diagram, Fig. 1~d!. Since we neglect the lepton mass,
there is no charged Higgs contribution to the box diagram.
C10(mW) is induced by theZ penguin diagram, Fig. 1~c!, and
the box diagram, Fig. 1~d!. The explicit form of each contri-
bution is given in Appendix C with use of the mixing matri-

ces at each vertex defined in Appendix D and Inami-Lim
functions given in Appendix E.

In order to calculate theb→sl1l2 decay amplitude, we
need the effective Hamiltonian at themb scale. By solving
the RGE’s in the leading logarithmic approximation~LLA !
of QCD, Ci(mb) can be related withCi(mW) as given in
Appendix F@14#. With this effective Hamiltonian at themb
scale, we can calculate various physical observables. Since
the bottom quark is much heavier than the QCD energy
scale, we can calculate the inclusive decay width as a free
bottom quark decay. This procedure is justified as a leading-
order approximation of the heavy quark expansion@15#. The
b→sl1l2 branching ratio is given by

dB~b→sl1l2!

dŝ
5B~b→cen̄ !

a2

4p2 U 1Vcb
U2 1

f ph~mc /mb!
w~ ŝ!A12

4ml
2

s S uC91Y~ ŝ!u2a1~ ŝ,m̂s ,m̂l !1uC10u2a2~ ŝ,m̂s ,m̂l !

1
4

ŝ
uC7u2a3~ ŝ,m̂s ,m̂l !112a4~ ŝ,m̂s ,m̂l !Re$C7* @C91Y~ ŝ!#% D , ~3.6!

where ŝ5(p11p2)
2/mb

2 and p1(p2) is the four-momentum ofl1( l2). Here we normalize the branching ratio by the
semileptonic branching ratioB(b→cen̄) in order to cancel themb

5 factor in the differential width. The function
f ph(x)5128x218x62x8224x4ln x is the phase-space factor of the semileptonic decay width. Kinematical functions
a12a4 andw( ŝ) are given in Appendix G. As mentioned before we neglect the strange quark mass in the numerical analysis.
The lepton mass, is, however, kept since lepton mass corrections are important in the lower end of the lepton invariant mass
spectrum. By calculating the matrix elements of four quark operatorsO1–O6 at the one-loop level, we obtainY( ŝ)

Y~ ŝ!5gSmc

mb
,ŝD ~3C11C213C31C413C51C6!2

1

2
g~1,ŝ!~4C314C413C51C6!2

1

2
g~0,ŝ!~C313C4!1Yres~ ŝ!,

~3.7!

g~z,ŝ!55 2
4

9
lnz21

8

27
1
16z2

9ŝ
2
2

9
A12

4z2

ŝ S 21
4z2

ŝ D S lnU11A12
4z2

ŝ

12A12
4z2

ŝ

U2 ipD for ŝ.4z2,

2
4

9
lnz21

8

27
1
16z2

9ŝ
2
4

9
A4z2

ŝ
21S 21

4z2

ŝ DarctanS 1

A4z2

ŝ
21D for ŝ,4z2.

~3.8!

In addition to these short-distance contributions, there are long-distance contributions from thecc̄ resonances,
b→sJ/c→ l1l2 andb→sc8→ l1l2. Although we can avoid large contributions from these resonances by cutting the reso-
nance regions of the lepton-invariant-mass spectrum, there can be sizable effects from interference between the short-distance
contribution and the tail of the resonances. The resonance effects in theb→s transition have been investigated in connection
to the long-distance contribution of theb→sl1l2 @16–18# as well as theb→sg @19# process. In Eq.~3.7! following @16,17#
we have introduced the resonance termYres( ŝ)

Yres~ ŝ!5k
3p

a2 (
i5J/c,c8

MiG~ i→ l1l2!/mb
2

ŝ2Mi
2/mb

21 iM iG i /mb
2 , ~3.9!

wherek parametrizes theb-s-J/c andb-s-c8 couplings. Its absolute value is determined fromG(b→J/cX) and is given by
uku;1 @16,17#. In general,k can have a nonzero phase. In the following, in order to see the effect of the phase, we show results
with1 k561. In the actual evaluation of the branching ratio the charm mass in Eq.~3.7! is taken to be theD meson mass@16#.
The choice of the charm mass is not important here since the branching ratio depends on it very weakly.

1In principle,k can be different forJ/c andc8. But for simplicity, we take the same value in Eq.~3.9!. From the experimental data at least
we can show that the absolute value is almost the same both forJ/c andc8.
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Another observable which is expected to be measured with reasonable accuracy in future experiments is the forward-
backward asymmetry of the lepton@17#. In the center-of-mass frame of the lepton pair, this is defined as

AFB~ ŝ!5
*0
1d~cosu!@d2B/d~cosu!dŝ#~b→sl1l2!2*21

0 d~cosu!@d2B/d~cosu!dŝ#~b→sl1l2!

*0
1d~cosu!@d2B/d~cosu!dŝ#~b→sl1l2!1*21

0 d~cosu!@d2B/d~cosu!dŝ#~b→sl1l2!

52
3w~ ŝ!A124m̂l

2/ ŝC10$ŝ@C91ReY~ ŝ!#12C7%

$uC91Y~ ŝ!u2a11C10
2 a21~4/ŝ!C7

2a3112a4C7@C91ReY~ ŝ!#%
, ~3.10!

whereu is the angle between the momentum of the bottom quark and that of thel1.

IV. NUMERICAL RESULTS

As explained in Sec. II, the MSSM parameters are deter-
mined by solving the RGE’s. In the minimal SUGRA model,
there are five SUSY parameters; the universal scalar mass
m0 , the gaugino massMgX , the universalA parameter
AX , the SUSY-invariant. Higgs boson massm, the mixing
parameter of Higgs bosonB. Using the condition that the
electroweak symmetry is properly broken to give the correct
Z boson mass, the theory contains four free parameters,
tanb, m0 , MgX , andAX as well as the sign ofm. We scan
the parametersm0 , MgX , and AX in the range ofm0<2
TeV, MgX<2 TeV, anduAXu<5m0 for each fixed value of
tanb. We also impose the following phenomenological con-
straints.

~1! b→sg branching ratio. The branching ratio of the
b→sg process is given by

B~b→sg!5
6a

p U 1Vcb
U2B~b→cen̄ !uC7~Q!u2. ~4.1!

Most important theoretical ambiguity comes from the choice
of the renormalization scaleQ. The branching ratio changes
by about630% as the scaleQ is varied in the range of
mb/2<Q<2mb . We fix Q5mb in this analysis and discuss
the ambiguity associated to the QCD correction later. From
the measurement by CLEO@1#, the inclusive branch ratio is
given by

131024,B~b→sg!,4.231024. ~4.2!

~2! From the recent experiment at LEP 1.5@20#, we im-
pose that all the charged SUSY particles are heavier than 65
GeV.

~3! All sneutrino masses are larger than 41 GeV@21#.
~4! The gluino mass is larger than 100 GeV. The lower

bound of the experimental gluino mass is given by Fermilab
Tevatron collider@22#. Since it depends on various SUSY
parameters, we take 100 GeV as a conservative lower
bound.2

~5! From the neutralino search at the CERNe1e2 col-
lider LEP @23#, we impose

G~Z→xx!,8.4 MeV, ~4.3!

B~Z→xx8!,B~Z→x8x8!,231025, ~4.4!

where x is the lightest neutralino andx8 denotes another
neutralino.

2With use of the GUT relation of the gaugino masses Eq.~2.4!
and the LEP 1/1.5 constraints on charginos and neutralinos~above 2
and 5!, a gluino lighter than about 150 GeV is excluded for
tanb*2. Therefore the precise value of the imposed gluino mass
bound is not very important.

FIG. 2. C7(mb), C9(mb), andC10(mb) in the SUGRA model
normalized to that of in the SM~a! for tanb53 and ~b! for tanb
530.
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~6! The lightest SUSY particle is neutral.
~7! The condition for not having a charge or color

symmetry-breaking vacuum@24#.
Throughout this paper we fix the top-quark mass as 175

GeV, the bottom-quark pole mass as 4.62 GeV and
as(mZ)50.116. In Fig. 2, we showC7(mb), C9(mb), and
C10(mb), each of which is normalized to its SM value, for
tanb53, 30. In these figures we do not include theb→sg
constraint. We can see that in Fig. 2,C7(mb) can be quite
different from the SM value and even the opposite sign is
allowed for tanb530. On the other hand,C9(mb) and
C10(mb) differ from the SM values by at most 5% in the
whole parameter space for both tanb53, 30. In the calcula-
tion of C7(mb), there is a one-loop diagram with internal
stop and chargino which gives a large contribution when
tanb becomes large@6#. When chargino has a sizable
Higgsino component, this diagram is proportional to the
product of the top and bottom Yukawa coupling constants,
i.e., mtmb/~sinb cosb!, which grows as tanb when tanb is
large. On the other hand, there are no such terms in the
calculation ofC9(mb) andC10(mb). In fact, the correspond-
ing stop-Higgsino diagram inC9(mb) andC10(mb) is pro-
portional to the square of the top Yukawa coupling con-
stants, namelymt

2/sin2b, which does not grow for large
tanb. IndeedC9(mb) andC10(mb) could be large if tanb<1,
but within the framework of the minimal SUGRA model
tanb is only allowed to be larger than two as far as we
require that the top Yukawa coupling constant remains per-
turbative up to the GUT scale.

We first show our numerical results forb→sm1m2 and
discuss the electron case later. In Figs. 3 and 4, the branching
ratio and the forward-backward asymmetry in the SM are
shown as functions of the lepton pair invariant mass. In the
calculation of theb→sl1l2 branching ratio we have used
mc/mb50.31,uVcb/l tu51.01, andB(b→cen̄)50.104 in Eq.
~3.6!. We also show similar curves for the minimal SUGRA
model with a particular set of parameters that tanb530,
m05369 GeV,MgX5100 GeV,AX5m0 and the sign ofm is
positive. This parameter set is chosen so thatC7(mb) has the
same magnitude but the opposite sign to the SM value. We
show the curves withk561 for both models. As can be seen
in Figs. 3 and 4, there are large contributions from theJ/c
andc8 resonances. Since we are interested only in the short-
distance contribution, we consider the following two regions:
the low-s region, 4ml

2,s,(mJ/c2d)2, and the high-s re-
gion, (mc81d)2,s,mb

2, whered is introduced to cut the
resonance regions and we taked5100 MeV here. We can
see that the sizable interference between the long- and short-
distance contributions even in these low- and high-s regions.
At the asymmetricB factory experiments, however, it may
be possible to determine the phase ofk by measuring the
lepton invariant spectrum near the resonance regions. There-
fore, in the following, we consider the branching ratio and
asymmetry integrated in the above two kinematical regions
with a choice ofk561. These are defined as

Blow~high!5E
low~high!

dŝB~ ŝ!, ~4.5!

AFB
low~high!5

* low~high!dŝ„*0
1d~cosu!@d2B/d~cosu!dŝ#2*21

0 d~cosu!@d2B/d~cosu!dŝ#…

* low~high!dŝ„*0
1d~cosu!@d2B/d~cosu!dŝ#1*21

0 d~cosu!@d2B/d~cosu!dŝ#…
. ~4.6!

FIG. 3. B(b→sl1l2) in the SM and in the minimal SUGRA
model fork561. The SUSY parameters are fixed with tanb530,
m05369 GeV,MgX5100 GeV,AX5m0 , whereC7(mb) becomes
the opposite sign to the SM.

FIG. 4. AFB(b→sl1l2) in the SM and in the minimal SUGRA
model fork561. The SUSY parameters are fixed with tanb530,
m05369 GeV,MgX5100 GeV,AX5m0 , whereC7(mb) becomes
the opposite sign to the SM.
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Notice that for general phase ofk the branching ratio takes
the value between thek561 cases.

In Fig. 5, we show the correlation between the branching
ratios of theb→sg andb→sl1l2 in the above two regions
for tanb530. Figures 5~a! and 5~b! show the branching ratio
of b→sl1l2 in the low-s region fork561, and Figs. 5~c!
and 5~d! correspond to the high-s region. As already men-
tioned in connection with Fig. 2, onlyC7(mb) can receive
sizable SUSY contributions. It is therefore clear from Eq.
~4.1! and Eq.~3.6! that the values of two branching ratios lie
on a parabola when we neglect the SUSY contribution to
C9(mb) andC10(mb). This is seen in Fig. 5. If we take the
experimental constraint on the branching ratio ofb→sg into
account, two separate regions are allowed. One corresponds
to the case when the sign ofC7(mb) is the same as that of
the SM, and the other corresponds to the case with the op-
posite sign. We can see that the branching ratio of
b→sl1l2 is enhanced about 50% in the latter case. Al-
though the branching ratio ofb→sl1l2 in the low-s region
changes615% depending on the sign ofk, we can distin-
guish the sign ofC7(mb) from the branching ratio integrated
in this region. On the other hand, in the high-s region, the

branching ratio ofb→sl1l2 depends on the sign ofk sig-
nificantly.

We also show the correlations between the branching ra-
tio of the b→sg and the forward-backward asymmetry of
the b→sl1l2 in Fig. 6. Four figures correspond to the case
k561 and low-high regions. We can see that the asymmetry
is also useful to distinguish the sign ofC7(mb).

We vary the renormalization pointQ frommb/2 to 2mb in
order to study the renormalization point dependences, which
are also shown in Figs. 5 and 6. We see that the tendency is
that the branching ratio changes along the parabola. This is
because the change of the renormalization pointQ mainly
affectsC7(Q). This means that we can make a prediction of
the branching ratio ofb→sl1l2 without much ambiguity as
far as we use the experimental value of theb→sg branching
ratio.3 Figure 7 shows that the branching ratio ofb→sl1l2

in the low-s region as a function of the chargino mass and

3It is important, however, to reduce the ambiguity of the renor-
malization point in order to put constraints on SUSY parameter
space from theb→sg branching ratio.

FIG. 5. A correlation betweenB(b→sg) andB(b→sl1l2) in the minimal SUGRA model~a! in the low-s region withk511, ~b! in the
low-s region withk521, ~c! in the high-s region withk511, and~d! in the high-s region withk521 for tanb530. Two vertical dashed
lines represent the experimentalb→sg constraint. Circles, squares, and triangles represent how muchB(b→sg) andB(b→sl1l2) change
when the renormalization pointQ is taken to bemb/2, mb, and 2mb , respectively.
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the light stop mass fork51 and tanb530 taking account of
the b→sg constraint. The points where the branching ratio
of theb→sl1l2 is enhanced about 50% compared to the SM
correspond to the case that theC7(mb) has the opposite sign
to the SM. It is interesting to see such parameters correspond
to relatively light SUSY particles (mx2&130 GeV,
mt̃&250 GeV! but beyond the reach of LEP II. We have also
analyzed the case of small tanb, for example, tanb53. In this
case theC7(mb) cannot change its sign as shown in Fig. 2,
thus the branching ratios change within65% after taking
into the account theb→sg constraint.

We also calculated the branching ratio and the asymmetry
for the b→se1e2 process. The only difference from the
b→sm1m2 case is that the lower limit of the lepton invari-
ant mass becomes smaller. Since theC7(mb) term gives
dominant contribution in the region near the kinematical
lower limit, the branching ratio and asymmetry integrated in
the low-s region change from those forb→sm1m2. Com-
pared to Fig. 5~a!, for example, theb→se1e2 branching
ratio is enhanced by;5% at B(b→sg)51.031024 and
;30% atB(b→sg)54.231024 for the SM branch and by

;5 and;2 %, respectively, for the branch with opposite
sign ofC7(mb). It is worthwhile noting that we can distin-
guish the sign ofC7(mb) by looking at the low-s region in
theb→se1e2 mode just as in theb→sm1m2 case. On the
other hand, the branching ratio and asymmetry integrated in
the high-s region do not change noticeably from the
b→sm1m2 case.

Let us now compare our results with those in@9#. As
explained in Sec. II, we have included the one-loop correc-
tion termVloop in the Higgs potential to find appropriate pa-
rameter sets. This correction, however, mainly affects the
mass of the lightest neutral Higgs boson, which does not
directly contribute to the FCNC processes. Consequently the
effect of this improvement is rather small.4 The most impor-
tant difference comes from the long-distance contributions of
the cc̄ resonances. In@9#, b→sl1l2 branching ratio is cal-

4The effect on the lightest Higgs boson mass will be important in
finding allowed SUSY parameter regions when the experimental
bound of the lightest Higgs boson mass is raised.

FIG. 6. A correlation betweenB(b→sg) andAFB(b→sl1l2) in the minimal SUGRA model~a! in the low-s region withk511, ~b! in
low-s region withk521, ~c! in the high-s region withk511, and~d! in the high-s region withk521 for tanb530. Two vertical dashed
lines represent the experimentalb→sg constraint. Circles, squares, and triangles represent how muchB(b→sg) andAFB(b→sl1l2)
change when the renormalization pointQ is taken to bemb/2, mb, and 2mb , respectively.
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culated with the short-distance contributions only, omitting
the J/c andc8 resonance regions from the integration range
of the lepton pair invariant mass. We show that even if the
resonance regions are avoided, the interference effect be-
tween the short-distance contributions and the tail of the
resonances gives;615% ambiguity to theb→sl1l2

branching ratio since the detail of theb-s-J/c and b-s-c8
couplings, which are parametrized by the phase ofk in our
present analysis, is theoretically unknown. We see that this
ambiguity is larger than the short-distance effects from the
SUSY contributions unlessC7 changes its sign. Thus, it is
difficult to extract information about the SUSY parameters
from the branching ratio and the forward-backward asymme-
try of b→sl1l2 without knowledge of the long-distance
contributions. This ambiguity will be reduced experimentally
by the measurement of the behavior of the lepton pair invari-
ant mass spectrum around the resonances. This may be
achieved before the branching ratio in the off-resonance re-
gions is measured since a large number of events is expected
near the resonance regions.

V. b˜snn̄ DECAY

In this section, we present the numerical result of the
branching ratio ofb→snn̄ in the minimal SUGRA model.
For the calculation of this branching ratio, we need to intro-
duce a new operator to the effective Hamiltonian Eq.~3.1!:

O115
g2

16p2 ~ s̄LagmbLa! (
i5e,m,t

@ n̄ ig
m~12g5!n i #.

~5.1!

The corresponding Wilson coefficientC11 is given in Ap-
pendix C. Note thatC11 does not receive QCD correction in
the leading logarithm approximation~LLA !. In addition to
the SM contribution, there are theZ penguin and the box
diagrams due to the charged Higgs boson and SUSY par-
ticles. Since the effect oft lepton mass in the loop diagram is
small,C11 is calculated with three massless charged leptons.
An important difference from theb→sl1l2 process is that
no photon penguin diagram can contribute to theb→snn̄
process. Thus SUSY contributions toC11 are similar to those
to C10, and no large SUSY contribution is induced. The
branching ratio ofb→snn̄ is written as

(
i5e,mt

B~b→sn i n̄ i !

53B~b→en̄ !
aW
2

4p2 U 1Vcb
U2 1

f ph~mc /mb!
uC11u2. ~5.2!

In Fig. 8 we show the scatter plot of theb→snn̄ branch-
ing ratio and the chargino mass~the light stop mass!. In this
calculation we have taken into account all constraints~1!–~7!
in Sec. IV. We see that the branching ratio does not exceed
the SM value and the change is at most 10%. This result does
not depend much on the value of tanb.

VI. CONCLUSIONS

In this paper, we have extensively examined theb→sl l̄
branching ratio in the minimal SUGRA model. By scanning
the three-dimensional space of the soft SUSY-breaking pa-
rametersm0 , MgX , andAX for various choices of tanb, we
have found that a parameter region, where the Wilson coef-
ficient C7(mb) receives a large SUSY contribution, is still
allowed under the LEP 1.5 constraints provided that tanb is
large. On the other hand, the SUSY contributions to the co-
efficientsC9(mb) andC10(mb) are much smaller than the
SM contributions in the whole allowed parameter space.
Consequently, there is a strong correlation between the pre-
dicted values of the branching ratios ofb→sg and
b→sl1l2. Applying the measured bound of theb→sg
branching ratio, we have shown that the predicted values of
theb→sl1l2 branching ratio are separated in two branches
for a large tanb: one corresponds to the region where the
sign of theb→sg amplitude is the same as that in the SM
and the other corresponds to the opposite sign. In the latter
case, theb→sl1l2 branching ratio becomes, at most,;50%
larger compared to the SM value. The forward-backward
asymmetry is also significantly different from the SM in the
same parameter region. Sincemx2*100 GeV is allowed for
such a parameter region, it is possible to observe a large

FIG. 7. B(b→sl1l2) in the low-s region for tanb530 as a
function of ~a! the light chargino mass and~b! the light top squark
mass. The solid line shows the value in the SM.
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enhancement in the branching ratio ofb→sl1l2 even if no
SUSY particle is found at LEP II. We also calculated the
branching ratio ofb→snn̄ process and found that it is re-
duced at most 10% from the SM value.

There are several theoretical ambiguities in the calcula-
tion of b→sl1l2 branching ratio, such as thecc̄ resonance
effect, the renormalization point dependence, the strange
quark mass, and the higher-order corrections in the heavy-
quark expansion. Among them we studied the renormaliza-
tion point dependence and the resonance effects in some de-
tail. The strange quark mass correction, which is of order
ms

2/mb
2, is estimated to be less important especially in the

low-s region. The higher-order corrections in the heavy-
quark expansion is also expected to be small@15#.

The renormalization point dependence gives about 30%
ambiguity to determine the magnitude ofC7(mW) from the
measured value ofb→sg branching ratio. This ambiguity,
however, does not affect the correlation between the branch-
ing ratios ofb→sg and b→sl1l2 much. We can make a
rather definite prediction on the value of theb→sl1l2

branching ratio with use of the measuredb→sg branching
ratio.

Thecc̄ resonance effect turns out to be important. To deal
with this effect, we have introduced a phenomenological pa-
rameterk and have presented our results fork561 since the
phase ofk is not known theoretically. We have pointed out
that there are sizable ambiguities due to this effect for both
low- and high-s regions. This ambiguity will be reduced ex-
perimentally if the lepton invariant mass spectrum near the
resonances will be measured in some detail. We have also
found that in the low-s region the change of theb→sl1l2

branching ratio due to the sign ofC7(mb) is larger than the
ambiguity induced from the phase ofk. This fact enables us
to distinguish the sign ofC7(mb) without the knowledge of
the phase ofk, by measuring theb→sl1l2 branching ratio
integrated in the low-s region.
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APPENDIX A: ONE-LOOP CORRECTION TO THE HIGGS POTENTIAL

The explicit form ofVloop in Eq. ~2.5! is given by

Vloop5
3

32p2 Fm
t̃ 1

4 S ln m
t̃ 1

2

Q2 2
3

2
D 1m

t̃ 2

4 S ln m
t̃ 2

2

Q2 2
3

2
D 22mt

4S ln mt
2

Q22
3

2
D G

1
3

32p2 Fm
b̃1

4 S ln m
b̃1

2

Q2 2
3

2
D 1m

b̃2

4 S ln m
b̃2

2

Q2 2
3

2
D 22mb

4S ln mb
2

Q22
3

2
D G

1
1

32p2 Fmt̃ 1

4 S ln mt̃ 1

2

Q2 2
3

2
D 1mt̃ 2

2 S ln mt̃ 2

2

Q2 2
3

2
D 22mt

4S ln mt
2

Q22
3

2
D G , ~A1!

FIG. 8. B(b→snn̄) for tanb530 as a function of~a! the light
chargino mass and~b! the light top squark mass. The solid line
shows the value in the SM.

4282 55GOTO, OKADA, SHIMIZU, AND TANAKA



whereQ denotes the renormalization point. The field-dependent masses are given by

mt5 f U33h2
0, mb5 f D33h1

0, mt5 f E33h1
0, ~A2!

m
t̃ 1~2!

2
5
1

2
@2mt

21mQ33
2 1mU33

2 7A~mQ33
2 2mU33

2 !214~2m f U33h1
01AU33h2

0!2# , ~A3!

m
b̃1~2!

2
5
1

2
@2mb

21mQ33
2 1mD33

2 7A~mQ33
2 2mD33

2 !214~2m f D33h2
01AD33h1

0!2# , ~A4!

mt̃ 1~2!

2 5
1

2
@2mt

21mL33
2 1mE33

2 7A~mL33
2 2mE33

2 !214~2m f E33h2
01AE33h1

0!2#. ~A5!

For simplicity we neglectedD-term contributions to the scalar masses.
The radiative electroweak symmetry-breaking condition is

K ]V

]h1
0L 5K ]V

]h2
0L 50, ~A6!

where the bracket denotes the value ath 1
05v cosb andh 2

05v sinb. We obtain the following equations for the SUSY Higgs
boson mass parameterm and the soft SUSY-breaking parameterB from Eq.~A6! with the explicit form of the Higgs potential
~2.5! and Eq.~A2!:

v25
4

~g21g82!~ tan2b21!
S ~m21D1

2!2~m21D2
2!tan2b2

3 f U33
2

16p2 $@ f ~mt̃ 1

2
!1 f ~m

t̃ 2

2
!22 f ~mt

2!#tan2b

1~AU33
2 tan2b2m2!h~m

t̃ 1

2
,m

t̃ 2

2
!%1

3 f D33
2

16p2 $@ f ~mb̃1

2
!1 f ~m

b̃2

2
!22 f ~mb

2!#1~AD33
2 2m2tan2b!h~m

b̃1

2
,m

b̃2

2
!%

1
f E33
2

16p2 $@ f ~mt̃ 1

2 !1 f ~mt̃ 2

2 !22 f ~mt
2!#1~AE33

2 2m2tan2b!h~mt̃ 1

2 ,mt̃ 2

2 !% D , ~A7!

2Bm

sinb cosb
5~D1

21D2
212m2!1

3 f U33
2

16p2 $@ f ~mt̃ 1

2
!1 f ~m

t̃ 2

2
!22 f ~mt

2!#1~AU332m cotb!~AU332m tanb!h~m
t̃ 1

2
,m

t̃ 2

2
!%

1
3 f D33

2

16p2 $@ f ~mb̃1

2
!1 f ~m

b̃2

2
!22 f ~mb

2!#1~AD332m cotb!~AD332m tanb!h~m
b̃1

2
,m

b̃2

2
!%

1
f E33
2

16p2 $@ f ~mt̃ 1

2 !1 f ~mt̃ 2

2 !22 f ~mt
2!#1~AE332m cotb!~AE332m tanb!h~mt̃ 1

2 ,mt̃ 2

2 !%, ~A8!

where f (m2)5m2@ln(m2/Q2)21# andh(m1
2 ,m2

2)5@ f (m1
2)2 f (m2

2)#/@m1
22m2

2#.

APPENDIX B: THE EFFECTIVE HAMILTONIAN
FOR b˜sl l̄

The effective Hamiltonian for theb→sl l̄ is given by

Heff5
4GF

&
(
i51

11

Ci~Q!Oi~Q!, ~B1!

in which the operator basis is chosen to be

O15~ s̄LagmbLa!~ c̄LbgmcLb!, ~B2!

O25~ s̄LagmbLb!~ c̄LbgmcLa!, ~B3!

O35~ s̄LagmbLa! (
q5u,d,s,c,b

~ q̄LbgmqLb!, ~B4!

O45~ s̄LagmbLb! (
q5u,d,s,c,b

~ q̄LbgmqLa!, ~B5!

O55~ s̄LagmbLa! (
q5u,d,s,c,b

~ q̄RbgmqRb!, ~B6!

O65~ s̄LagmbLb! (
q5u,d,s,c,b

~ q̄RbgmqRa!, ~B7!

O75
e

16p2 mb~ s̄LasmnbRa!Fmn, ~B8!
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O85
gs

16p2 mb~ s̄LaTab
a smnbRa!Gamn, ~B9!

O95
e2

16p2 ~ s̄LagmbLa!~ l̄gml !, ~B10!

O105
e2

16p2 ~ s̄LagmbLa!~ l̄gmg5l !, ~B11!

O115
g2

16p2 ~ s̄LagmbLa! (
i5e,m,t

@ n̄ ig
m~12g5!n i #.

~B12!

APPENDIX C: WILSON COEFFICIENTS
AT THE ELECTROWEAK SCALE

In this appendix, we give explicit forms of each contribu-
tion to Wilson coefficients at the electroweak scale@4,9#.

1. C7„mW…

C7~mW!5C7
W1C7

H2
1C7

x̃2
1C7

G̃1C7
x̃0, ~C1!

C7
W5

3

2
l txtWF23 f 1~xtW!1 f 2~xtW!G , ~C2!

C7
H2

5
1

2
l txthFcot2bH 23 f 1~xth!1 f 2~xth!J

1H 23 f 3~xth!1 f 4~xth!J G , ~C3!

C7
x̃ 2

52 (
a51

2

(
I51

6

xWũI
~GCL

d† !a2
I

3F ~GCL
d ! I

a3H f 1~xx̃
a
2 ũ I

!1
2

3
f 2~xx̃

a
2 ũ I

!J
1~GCR

d ! I
a3

mx̃
a
2

mb
H f 3~xx̃

a
2 ũ I

!1
2

3
f 4~xx̃

a
2 ũ I

!J G ,
~C4!

C7
G̃5

8

9

gs
2

g2 (
I51

6

xWd̃I
~GGL

d† !2
I

3F ~GGL
d ! I

3f 2~xG̃d̃I !1~GGR
d ! I

3 mG̃

mb
f 4~xG̃d̃I !G ,

~C5!

C7
x̃05

1

3 (
a51

4

(
I51

6

xWd̃I
~GNL

d† !a2
I

3F ~GNL
d ! I

a3f 2~xx̃
a
0 ũ I

!1~GNR
d ! I

a3
mx̃

a
0

mb
f 4~xx̃

a
0 ũ I

!G ,
~C6!

where xi j5mi
2/mj

2 and mi is the mass of the particlei .
f i(x) are the one-loop functions, which are given in Appen-

dix E. The matrixGCL(R)
d represents the coupling constant of

chargino–~up-type-!squark–~down-type-!quark, GNL(R)
d rep-

resents that of neutralino–~down-type-!squark–~down-type-!

quark andGGL(R)
d represents that of gluino–~down-type-!

squark–~down-type-!quark, which are found in Appendix D.

2. C8„mW…
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W1C8

H2
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x̃2
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G̃1C8
x̃0, ~C7!
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C8
G̃5

gs
2

g2 (
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x̃052 (
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(
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xWd̃I
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3. C9„mW…

C9~mW!5C9,g1C9,Z1C9,box, ~C13!

C9,g5C9,g
W 1C9,g

H2
1C9,g

x̃ 2
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2g2~xx̃

a
2 ũ I

,xx̃ b̄ ũJ
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G̃ 52

gs
2

g2 S 211
1

4 sin2uW
D 4

3 (
I ,J51

6

(
M51

3

~GGL
d ! I

6~GGL
d† !5

J

3~GGR
d !J

M~GGR
d† !M

I g2~xd̃I G̃ ,xd̃JG̃!, ~C25!

C9,Z
x̃05

1

2 S 211
1

4 sin2uW
D (

a,b51

4

(
I ,J51

6

~GNL
d ! I

a3~GNL
d† !b2

J

3Fdabg2~xd̃Jx̃
b
0,xd̃I x̃a

0 ! (
M51

3

~ŨD!J
M~ŨD

† !M
I

1d IJ$22Axx̃
b
0 d̃ I
xx̃

a
0 d̃ I
g1~xx̃

b
0 d̃ I
,xx̃

a
0 d̃ I

!Gba

1 lnxWd̃I
2g2~xx̃

b
0 d̃ I
,xx̃

a
0 d̃ I

!Gab%G , ~C26!

C9,box
W 5l t

1

4 sin2uW
@g3~xtW,0!2g3~0,0!#, ~C27!

C9,box
x̃ 2

5
1

4 sin2uW
(

a,b51

2

(
I51

6

(
J51

3

xWx̃
a
2~GCL

d ! I
a3~GCL

d† !b2
I

3~GCL
l !J

b i~GCL
l† !a i

J g6~xũI x̃ a
2,x ñ Jx̃

a
2,xx̃

b
2 x̃

a
2!, ~C28!

C9,box
x̃0 5

1

4 sin2uW
(

a,b51

4

(
I ,J51

6

xWx̃
a
0~GNL

d ! I
a3~GNL

d† !b2
I

3@$~GNL
l !J

b i~GNL
l† !a i

J 2~GNR
l !J

a i~GNR
l† !b i

J %

3g6~xd̃Jx̃
a
0,x l̃ I x̃a

0,xx̃
b
0 x̃

a
0 !

2$~GNL
l !J

b i~GNL
l† !a i

J 2~GNR
l !J

a i~GNR
l† !b i

J %

32Axx̃
b
0 x̃

a
0g5~xd̃Jx̃

a
0,x l̃ I x̃a

0,xx̃
a
0 x̃

a
0 !#. ~C29!

The matrix GCL(R)
l represents the coupling constant of

chargino-sneutrino-lepton andGNL(R)
l that of neutralino-

slepton-lepton, which are found in Appendix D. Note that
index i represents the generation of the final lepton and is not
summed here.

4. C10„mW…

C10~mW!5C10,Z1C10,box, ~C30!

C10,Z5C10,Z
W 1C10,Z

H2
1C10,Z

x̃ 2
1C10,Z

G̃ 1C10,Z
x̃0 , ~C31!

C10,box5C10,box
W 1C10,box

x̃ 2
1C10,box

x̃0 , ~C32!

C10,Z
i 5

21/~4 sin2uW!

2111/~4 sin2uW!
C9,Z
i , i5W,H2,x̃ 2,G̃,x̃0,

~C33!

C10,box
i 52C9,box

i , i5W,x̃ 2, ~C34!

C10,box
x̃0 5

1

4 sin2uW
(

a,b51

4

(
I ,J51

6

xWx̃
a
0~GNL

d ! I
a3~GNL

d† !b2
I

3@2$~GNL
l !J

b i~GNL
l† !a i

J 1~GNR
l !J

a i~GNR
l† !b i

J %

3g6~xd̃Jx̃
a
0,x l̃ I x̃a

0,xx̃
b
0 x̃

a
0 !

1$~GNL
l !J

b i~GNL
l† !a i

J 1~GNR
l !J

a i~GNR
l† !b i

J %

32Axx̃
b
0 x̃

a
0g5~xd̃Jx̃

a
0,x l̃ I x̃a

0,xx̃
b
0 x̃

a
0 !#. ~C35!

5. C11„mW…

C11~mW!5C11,Z1C11,box ~C36!

C11,Z5C11,Z
W 1C11,Z

H2
1C11,Z

x̃ 2
1C11,Z

G̃ 1C11,Z
x̃0 , ~C37!

C11,box5C11,box
W 1C11,box

x̃ 2
1C11,box

x̃0 , ~C38!

C11,Z
i 5sinuW

2 C10,Z , i5W,H2,x̃ 2,G̃,x̃ 0, ~C39!

C11,box
W 54 sinuW

2 C10,box
W , ~C40!
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C11,box
x̃ 2

52
1

4 (
a,b51

2

(
I ,J51

6

xWx̃
a
2~GCL

d ! I
a3~GCL

d† !b2
I

3~GCL
n !J

a i~GCL
n† !b i

J

32Axx̃
b
2 x̃

a
2g5~xũI x̃ a

2,x l̃ Jx̃
a
2,xx̃

b
2 x̃

a
2!,

~C41!

C11,box
x̃0 5

1

4 (
a,b51

4

(
I51

6

(
J51

3

xWx̃
a
0~GNL

d ! I
a3~GNL

d† !b2
I @2~GNL

n !J
a i

3~GNL
n† !b i

J 2Axx̃
b
0 x̃

a
0g5~x ñ Jx̃

a
0,xd̃I x̃a

0,xx̃
b
0 x̃

a
0 !

1~GNL
n !J

b i~GNL
n† !a i

J g6~x ñ Jx̃
a
0,xd̃I x̃a

0,xx̃
b
0 x̃

a
0 !#. ~C42!

APPENDIX D: FEYNMAN RULES

In this appendix, we give our notations. The mass matrix
of chargino is given by

L52~W̃2h̃1
2!S M2 &mWsinb

&mWcosb m D S W̃1

h̃2
1 D 1H.c.

~D1!

Diagonalizing this mass matrix, mass eigenstates of chargino
xi ~i51,2! are given by

S x̃ 1
1

x̃ 2
1D 5U1S W̃1

h̃2
1 D , S x̃ 1

2

x̃ 2
2D 5U2S W̃2

h̃1
2 D . ~D2!

The mass matrix of the neutralino is given by

L52
1

2
~B̃ W̃3 h̃1

0 h̃2
0!

3S M1 0 2mZsWcb mZsWsb

0 M2 mZcWcb 2mZcWsb

2mZsWcb mZcWcb 0 2m

mZsWsb 2mZcWsb 2m 0

D
3S B̃

W̃3

h̃1
0

h̃2
0
D , ~D3!

wheresW5sinuW , cW5cosuW , sb5sinb, andcb5cosb. Di-
agonalizing this mass matrix, mass eigenstates of neutralino
are given by

S x̃ 0
1

x̃ 0
2

x̃ 0
3

x̃ 0
4
D 5UNS B̃

W̃3

h̃1
0

h̃2
0

D . ~D4!

The relevant interaction Lagrangian for theb→sl l̄ pro-
cess is written as follows.

Chargino-quark~lepton!-squark~slepton! interaction

L52gx̃ a
2@~GCL

d ! I
a j PL1~GCR

d ! I
a j PR#dj ũI*

2gx̃ a
2@~GCL

l ! I
a j PL1~GCR

l ! I
a j PR# l j ñ I*

2g~ x̃ 2!a
C~GCL

n ! I
a j PLn j l̃ I*1H.c.,

PR~L !5
1

2
~16g5!. ~D5!

The mixing matricesGCL(R)
d , GCL(R)

l , andGCL
n are given by

~GCL
d ! I

a j5~ŨU! I
j~U1!1*

a2~ŨU! I
k13

3
mk

~u!

&mWsinb
~U1!2*

aVkj , ~D6!

~GCR
d ! I

a j5~ŨU! I
k

mk
~d!

&mWcosb
~U2!2

a , ~D7!

~GCL
l ! I

a j5~Ũn! I
j~U1!1*

a , ~D8!

~GCL
n ! I

a j5~Ũ l ! I
j~U2!1

a , ~D9!

where the matricesŨU , Ũ l , andŨn are the unitary matrices
which diagonalize the up-type squark mass matrix, the slep-
ton mass matrix, and the sneutrino mass matrix, respectively.
V is the CKM matrix. Note that we neglect the small contri-
bution proportional to the Yukawa couplings of the lepton.

Neutralino-quark~lepton!-squark~slepton! interaction

L52gx̃ a
0@~GNL

d ! I
a j PL1~GNR

d ! I
a j PR#dj d̃I*

2gx̃ a
0@~GNL

l ! I
a j PL1~GNR

l ! I
a j PR# l j l̃ I*

2gx̃ a
0~GNL

n ! I
a j PLn j ñ I*1H.c. ~D10!

The mixing matricesGNL(R)
d , GNL(R)

l , andGNL
n are given by

~GNL
d ! I

a j5&F12 ~UN!2
a2

1

6
tanuW~UN!1

aG~ŨD! I
j

2
mj
d

&mWcosb
~UN!3

a~ŨD! I
j13, ~D11!

~GNR
d ! I

a j5&F2
1

3
tanuW~UN

† !1
aG~ŨD! I

j13

2
mj
d

&mWcosb
~UN

† !3
a~ŨD! I

j , ~D12!

~GNL
l ! I

a j5&F12 ~UN!2
a1

1

2
tanuW~UN!1

aG~ŨL
†! I

i ,

~D13!

~GNR
l ! I

a j5&@2tanuW~UN
† !1

a#~Ũ l
†! I

j13, ~D14!

Gab5~UN
† !a

3~UN!3
b2~UN

† !a
4~UN!4

b , ~D15!
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~GNL
n ! I

a j5&F2
1

2
~UN!2

a1
1

2
tanuW~UN!1

aG~Ũn
†! I

j ,

~D16!

where the matrixŨD is the unitary matrix which diagonal-
izes the down-type squark mass matrix.

Gluino-quark-squark interaction

L52gs&~Ta!abG̃
a@~GGL

d ! I
j PL1~GGR

d ! I
j PR#djad̃Ib* ,

~D17!

where the mixing matricesGGL(R)
d are given by

~GGL
d ! I

j5~ŨD! I
j , ~D18!

~GGR
d ! I

j52~ŨD! I
j13. ~D19!

APPENDIX E: ONE-LOOP FUNCTIONS

These are the one-loop functions which appear in calcu-
lating the penguin or box diagrams;

f 1~x!5
1

12~x21!4
~x326x213x1216x lnx!, ~E1!

f 2~x!5
1

12~x21!4
~2x313x226x1126x2lnx!,

~E2!

f 3~x!5
1

2~x21!3
~x224x1312 lnx!, ~E3!

f 4~x!5
1

2~x21!3
~x22112x lnx!, ~E4!

f 5~x!5
1

36~x21!4
@7x3236x2145x2161~18x212!lnx#,

~E5!

f 6~x!5
1

36~x21!4
~211x3118x229x1216x3lnx!,

~E6!

f 7~x!5
1

12~x21!4
@x3110x2229x118

2~8x226x28!lnx#, ~E7!

f 8~x!5
1

12~x21!4
@27x318x2111x212

2~2x3220x2124x!lnx#, ~E8!

f 9~x!5
1

2~x21!2
@x227x161~3x12!lnx#, ~E9!

g1~x,y!5
1

x2y F x

x21
lnx2~x↔y!G , ~E10!

g2~x,y!5
1

x2y F x2

x21
lnx2

3

2
x2~x↔y!G , ~E11!

g3~x,y!5
1

x2y F x2

~x21!2
lnx2

1

x21
2~x↔y!G ,

~E12!

g5~x,y,z!52
1

x2y F 1

x2z F x

x21
lnx2~x↔z!G2~x↔y!G ,

~E13!

g6~x,y,z!5
1

x2y

3F 1

x2z F x2

x21
lnx2

3x

2
2~x↔z!G2~x↔y!G .

~E14!

APPENDIX F: THE QCD CORRECTION

With Ci(mW) as the initial condition, we obtain the solu-
tion of RGE’s in the LLA approximation@8,14#:

C1~Q!5
1

2
C2~mW!~h6/232h212/23!, ~F1!

C2~Q!5
1

2
C2~mW!~h6/231h212/23!, ~F2!

C3~Q!5C2~mW!S 20.0112h20.89941
1

6
h212/23

20.1403h20.423010.0054h0.1456

20.0714h6/2310.0509h0.4086D , ~F3!

C4~Q!5C2~mW!S 0.0156h20.89942
1

6
h212/23

10.1214h20.423010.0026h0.1456

20.0714h6/2310.0984h0.4086D , ~F4!

C5~Q!5C2~mW!~20.0025h20.899410.0117h20.4230

10.0304h0.145620.0397h0.4086!, ~F5!

C6~Q!5C2~mW!~20.0462h20.899410.0239h20.4230

20.0112h0.145610.0335h0.4086!, ~F6!
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C7~Q!5C7~mW!h16/231C8~mW!
8

3
~h14/232h16/23!

1C2~mW!~20.0185h20.899420.0714h212/23

20.0380h20.423020.0057h0.145620.4286h6/23

20.6494h0.408612.2996h14/2321.0880h16/23!,

~F7!

C8~Q!5C8~mW!h14/231C2~mW!

3~20.0571h20.899410.0873h20.4230

10.0209h0.1456

20.9135h0.408610.8623h14/23!, ~F8!

C9~Q!5C9~mW!1
p

as~mW!
C2~mW!

3~20.187510.1648h120.899410.2424h1212/23

10.1384h120.423020.0073h110.1456

20.3941h116/2310.0433h110.4086!, ~F9!

C10~Q!5C10~mW!,

C11~Q!5C11~mW!, ~F10!

whereh5as(mW)/as(Q).

APPENDIX G: THE KINEMATICAL FUNCTIONS

In this appendix we show the explicit form of kinematical
functions in Eq.~3.6! and Eq.~3.10!. Here ŝ, m̂s , and m̂l

meanss/mb
2, ms/mb , andml /mb :

w~ ŝ!5A@ ŝ2~11m̂s!
2#@ ŝ2~12m̂s!

2#, ~G1!

a1~ ŝ,m̂s ,m̂l !5S 11
2m̂l

2

ŝ D @22ŝ21 ŝ~11m̂s
2!1~12m̂s

2!2#,

~G2!

a2~ ŝ,m̂s ,m̂l !5@22ŝ21 ŝ~11m̂s
2!1~12m̂s

2!2#

1
2m̂l

2

ŝ
@4ŝ225~11m̂s

2!ŝ1~12m̂s
2!2#,

~G3!

a3~ ŝ,m̂s ,m̂l !5S 11
2m̂l

2

ŝ D @2~11m̂s
2!ŝ2

2~1114m̂s
21m̂s

4!ŝ

12~11m̂s
2!~12m̂s

2!2#, ~G4!

a4~ ŝ,m̂s ,m̂l !5S 11
2m̂l

2

ŝ D @~12m̂s
2!22~11m̂s

2!ŝ#.

~G5!
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